Aquaporin-4, a predominant water channel in the central nervous system, has two isoforms, M1 and M23, whose transcripts are driven by distinct promoters. Using a reporter assay, we found that a fragment located between exons 0 and 1 of the mouse aquaporin-4 gene, which had been thought to be the promoter for M23, lacked enhancers functioning in astrocytes. When the astrocyte-specific enhancer (ASE) of the M1 promoter is connected to the putative M23 core promoter, it also works in astrocytes. Importantly, the ASE inhibits downstream promoter activity in NIH3T3 cells, indicating that the ASE also functions as a silencer in cells lacking aquaporin-4.
Aquaporin-4 (AQP4) is a predominant water channel in the central nervous system especially expressed in the subpial and perivascular end-feet of astrocytes [1] [2] [3] . It has two major isoforms, designated M1 and M23, produced by the difference in transcriptional start sites driven by distinct promoters [4] [5] [6] [7] [8] with other minor isoforms produced by a different transcriptional start site, alternative splicing, and translational readthrough [9] [10] [11] . The minimal functional unit of AQP4 is a homo/heterotetramer consisting of these isoforms. AQP4 has an intriguing feature, the formation of orthogonal arrays of particles (OAPs), in which AQP4 tetramers are orthogonally arranged [4, 12] . While the M23 isoform tends to form OAPs, the M1 isoform interferes with formation of the supramolecular aggregates by its unique N-terminal 22-amino-acid domain [12, 13] . In any tissues and organs expressing AQP4, the two isoforms are simultaneously expressed and are randomly incorporated into a tetramer. Thus, a ratio of M1 to M23 defines the size of each array, and the expression levels of these isoforms should be tightly controlled to maintain appropriate array size in vivo [14] [15] [16] [17] . Recently, we identified a novel enhancer contributing to transcription of the AQP4 M1 mRNA in astrocytes (astrocyte-specific enhancer, ASE) located in a region approximately 1.5-kb upstream of the transcriptional start site [18] . In this enhancer, at least five cis-acting elements, including a consensus sequence for POU transcription factors, are involved [18] . Here, we investigated the relationship between the ASE and the M1 and M23 promoters, demonstrating that the ASE of the M1 promoter has not only an enhancer effect on the M1 promoter in astrocytes but also a silencer effect on both promoters in cells lacking AQP4.
Abbreviations AQP4, aquaporin-4; ASE, astrocyte-specific enhancer; CTCF, CCCTC-binding factor; GFAP, glial fibrillary acidic protein; OAP, orthogonal arrays of particle; POU, Pit-1/Oct/Unc-86.
Materials and methods

Cloning of 5
0 flanking regions of the mouse AQP4 and GFAP genes and plasmid construction A 7-kb fragment containing a 5 0 flanking region upstream of exon 1 and a 5-kb fragment containing a region between exons 0 and 1 of the mouse AQP4 gene were cloned from BAC clones RP23-100B19 and RP23-189N2 (Invitrogen, Carlsbad, CA, USA) by the Red/ET recombination method using a BAC subcloning kit (Gene Bridges, Heidelberg, Germany), with primers, 5 0 
Cell culture and dual luciferase assay
A primary culture of mouse astrocytes was prepared as described previously [21] and maintained in DMEM supplemented with 10% newborn bovine serum, 100 unitsÁmL À1 of penicillin, and 100 lgÁmL À1 of streptomycin (Life Technologies, Carlsbad, CA, USA). Animal experiments were performed according to the Guidelines for the Care and Use of Laboratory Animals of Keio University School of Medicine and were approved by the committee (09084-9). NIH3T3 cells were cultured in DMEM supplemented with 10% FBS, 100 unitsÁmL À1 of penicillin, and 100 lgÁmL À1 of streptomycin. Dual luciferase assay was performed as described previously [18] . In brief, primary cultured astrocytes and NIH3T3 cells were seeded onto 24-well plates at a density of 2 9 10 5 cells per well and onto 48-well plates at a density of 
Statistical analysis
Statistical analysis was performed using JMP ver. 11.0.0 (SAS Institute Inc., Cary, NC, USA). Data were analyzed using one-way ANOVA followed by either the TukeyKramer method or Dunnett's test.
Results
The M23 promoter lacks cis-acting elements functioning in astrocytes
To clarify the mechanism that regulates transcription driven by the M23 promoter in astrocytes, we performed a dual luciferase assay of a 3661-bp fragment, which contains intron 0 flanked by parts of exons 0 and 1 (À3056/+605, numbers represent the distance from the transcriptional start site of M23 mRNA reported by Ma et al. [6] , which corresponds to À3470/+191 reported by Alikina et al. [8] , Fig. S1 ). First, we constructed some deletion mutants based on existing restriction enzyme sites (Fig. S1 ) and examined their promoter activities in primary cultured mouse astrocytes, comparing with those in an NIH3T3 mouse fibroblast cell line, which lacks AQP4. The fulllength fragment showed slightly increased promoter activity in astrocytes but diminished activity in NIH3T3 cells (Fig. 1A , E1-full), as compared with a promoterless construct (Fig. 1A, vector) . However, deletions within a region located between two HindIII sites resulted in increased promoter activity of the fragment in both cells (Fig. 1A) . The promoter activity increased as the deleted portions were extended both from the 5 0 and from the 3 0 sides (Fig. 1A) . Unexpectedly, the strongest promoter activity was observed in the E1-DH 1 H 2 mutant, which lacks 3142 bp in the region (À2866/+277), including the transcriptional start site of the M23 mRNA [6] in both cells (Figs 1A and S1). These results suggest that there are multiple silencer elements in the full-length fragment. Then to identify which regions are responsible for silencing the promoter activity of the full-length fragment, we constructed deletion mutants lacking each one of the five regions ( Figs 1B and S1 ). While deletion of each single region showed no effect on promoter activity of the fragment in NIH3T3, deletion of region 'c' significantly increased promoter activity in astrocytes (2.4-fold increase), suggesting that at least region 'c' has a silencing effect on the promoter activity in astrocytes (Fig. 1B, E1-DE 1 A 1 ) . We also examined the effect on its promoter activity of the insertion of each region into the E1-DH 1 H 2 mutant (Fig. S1 ). As shown in Fig. 1C , all regions significantly inhibited the promoter activity of the E1-DH 1 H 2 mutants in both astrocytes and NIH3T3. Although no single region completely inhibited the promoter activity of the E1-DH 1 H 2 mutant, regions 'c', 'd', and 'e' showed stronger inhibitory effects (55, 58, and 70% inhibitions, respectively) than other two regions (20 and 19% inhibitions for 'a' and 'b', respectively) located in the 5 0 portion of the full-length fragment (Fig. 1C) . Thus, these observations indicate that the region between exons 0 and 1 lacks an element responsible for astrocyte-specific transcription. On the contrary, most parts of this region have a strong silencing effect on the promoter activity both in astrocytes and NIH3T3 cells.
The astrocyte-specific enhancer of the M1 promoter showed dual effect on the promoter activity of the M23 core promoter
Since we had observed no enhancer activity specifically functioning in astrocytes in the 3661-bp fragment, we next examined whether the ASE of the M1 promoter [18] also functioned with the M23 promoter. In this study, we used the E1-DH 1 H 2 mutant as a core promoter of the M23 promoter since the putative M23 core promoter reported by Ma et al. (E1-DH 1 A 2 , [6] ) had only a little activity. However, the E1-DH 1 H 2 fragment contains the transcriptional start site for the M23 transcript reported by Alikina et al. [8] , which corresponds to position +414 from the one reported by Ma et al. We directly connected a region spanning from À5005 to À4618, containing the ASE, to a fragment spanning from +277 to +605 (E1-DH 1 H 2 ) and performed a luciferase assay (Fig. 2 , blue bars). Addition of the ASE enhanced the promoter activity of the M23 core promoter by 3.3-fold in astrocytes (Fig. 2 , Astrocytes, compare E1-DH 1 H 2 and E1-DH 1 H 2 + ASE). Consistent with the analysis of the M1 promoter [18] , deleting subregion VII, containing a consensus sequence of POU transcription factors (octamer motif) in ASE (ASE DVII), abolished the enhanced promoter activity and further decreased it to a level less than that of the M23 core promoter alone (Fig. 2 , Astrocytes, blue bars). This indicated that enhancement of the M23 core promoter by the ASE in astrocytes is also mediated through the octamer motif. In contrast to the result in astrocytes, adding the ASE resulted in strongly reducing the M23 promoter activity in NIH3T3 cells (Fig. 2, NIH3T3 , compare E-1DH 1 H 2 and E1-DH 1 H 2 + ASE), regardless of the existence of the octamer motif (Fig. 2, NIH3T3 , blue bars). Besides the octamer motif, the activity of the ASE in astrocytes is cooperatively governed by at least four other cis-acting elements located upstream of the octamer motif [18] . Therefore, we examined whether some of these cis-acting elements might also be involved in the silencing effect of the ASE in NIH3T3 cells. First, we constructed mutants in which the ASE was deleted from the 5 0 end. In astrocytes, deletion from the 5 0 end of the ASE gradually decreased enhancer activity (Fig. 3A, Astrocytes) , which is consistent with the analysis of M1 promoter [18] . On the other hand, deleting subregions from I to IV showed no effect on the inhibitory activity of the ASE in NIH3T3 cells. However, further deletion to subregion V abolished the silencer activity of the ASE in NIH3T3 cells (Fig. 3A, NIH3T3 ). These results suggested that subregion V was responsible for the inhibitory effect of the ASE in NIH3T3 cells. However, deletion of subregion V alone as well as each of four other subregions-I, III, IV, and VII-did not affect the silencing effect in NIH3T3 cells (Figs 2 and 3B, NIH3T3 ). Taken together, the ASE of the M1 promoter also directly acted on the M23 core promoter as an enhancer in astrocytes. On the other hand, the same fragment also functioned as a transcriptional silencer in cells lacking AQP4 expression by a mechanism distinct from that for the enhancer activity. Fig. 1 . Promoter activity of fragments derived from the region between exons 0 and 1 of the mouse AQP4 gene. Promoter activities of a 3661-bp fragment (À3056/+605, numbers represent the distance from the transcriptional start site of M23 mRNA, Ma et al. [6] ) and its deletion mutants were examined by dual luciferase assay in primary cultured astrocytes (blue bars) and NIH3T3 cells (red bars). Deletion mutants were constructed based on restriction enzyme sites, which divide the sequence between two HindIII (H 1 and H 2 ) sites of this fragment into five regions (a-e). 
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The 293-bp region between the SmaI and the BglII sites has an inhibitory effect against the ASE acting on the M23 core promoter
We observed a relatively weak silencing effect of region 'a' of the 3661-bp fragment on the promoter activity of the M23 core promoter in astrocytes (Figs 1 and 2 , Astrocytes, E1-DBH 2 ). We then examined whether region 'a' of the 3661-bp fragment has some cooperative effect on the activity of the ASE acting on the M23 core promoter in astrocytes (Fig. 2, Astrocytes, red bars) . Unexpectedly, the insertion of region 'a' of the 3661-bp fragment abolished the enhancer activity of the ASE on the M23 core promoter (Astrocytes, E1-DBH 2 and E1-DBH 2 + ASE). As observed using the E1-DH 1 H 2 fragment, deletion of subregion VII of ASE resulted in further inhibition of the M23 core promoter activity (Fig. 2 , Astrocytes, E1-DBH 2 + ASE DVII). In NIH3T3 cells, insertion of region 'a' further inhibited the M23 core promoter activity, regardless of the presence of the octamer motif (Fig. 2, NIH3T3 , compare blue and red bars). To roughly identify the portion responsible for this inhibitory effect of region 'a' against the ASE of M1 promoter in astrocytes, we divided region 'a' into two pieces by cutting at a SmaI site (Fig. 2, green and yellow bars). Although both the 5 0 and 3 0 portions, which have 102 bp and 293 bp, respectively, showed an inhibitory effect against the ASE activity on the M23 core promoter, inserting the 3 0 portion completely abolished the ASE activity (Fig. 2 , astrocytes, compare green bars and yellow bars). Taking these results together, it is unlikely that the ASE of M1 promoter directly functions as an astrocyte-specific enhancer for transcribing the M23 transcript in the intact gene because of the obstruction by a fragment, including region 'a', located between the ASE and the M23 promoter. In contrast, in the presence of region 'a', the ASE cooperatively inhibited the promoter activity in NIH3T3 cells. And this was also the case in astrocytes if the ASE lacked the octamer motif.
Effect of combinations of the M1 and M23 promoters
We demonstrated in the previous report that an~2-kb fragment of the 5 0 flanking region of exon 0 of mAQP4 (À5005/À3057) has a promoter activity specifically functioning in astrocytes, and that deleting the 1168-bp fragment within this region (À4617/À3450) results in a 2.8-fold increase in the promoter activity (Fig. 4, E0 -NheI DAflIII-AseI [18] ). Thus, we next examined whether the combination of this promoter (designated as the M1 promoter in this report) and the M23 core promoter would cooperatively drive downstream luciferase cDNA in astrocytes. We constructed reporters for the combined promoter, in which the initiation codon of the M1 isoform located in exon 0 was eliminated by changing the sequence from GGCAT GAGT to GGCAGGCCT to avoid undesirable translation, which causes a frameshift and might affect the expression of downstream luciferase. As shown in Fig. 4 , combining the M1 promoter with the M23 core promoter resulted in a significant increase in luciferase activity as compared with each single promoter in astrocytes; however, the effect of the combined promoters was additive rather than synergistic (Fig. 4 , E0-NheI DAflIII-AseI + E1-DH 1 H 2 , blue bars). In the case of the combined promoter, the insertion of region 'a' of the 3661-bp fragment did not show any inhibitory effect (Fig. 4 , E0-NheI DAflIII-AseI + E1-DBH 2 , blue bars); however, deletion of the 5 0 portion of region 'a' reduced the promoter activity to the level observed in the single M1 promoter (Fig. 4, E0 -NheI DAflIII-AseI + E1-DBH 2 /DH 1 S, blue bars). Deletion of the 189-bp region between nucleotides À3056 and À2868, which contains the splice donor of exon 0, completely abolished the activity of the M1 promoter The region corresponding to the ASE indicated by the dashed boxes was magnified. Subregions in the ASE are represented as black boxes. The promoter activity of each fragment is represented as a % of that of the SV40 early promoter without enhancer. Values are mean AE SD of six independent experiments performed in duplicate. *(P < 0.01), significant difference versus the E1-H 1 H 2 fragment (the M23 core promoter), and #(P < 0.01), significant difference versus the E1-H 1 H 2 + ASE fragment (the M23 core promoter plus ASE) as determined by Dunnett's test.
( Fig. 4 , E0-NheI DAflIII-AseI DSD, blue bars), resulting in a promoter activity similar to that evoked by the single M23 core promoter. This suggests that to fully exert the combined promoter activity in astrocytes, splicing between exons 0 and 1 is required. On the other hand, the activity of combined promoters was consistently low in the NIH3T3 cells, indicating that the ASE of the M1 promoter showed a strong inhibitory effect on both core promoters in NIH3T3 cells (Fig. 4, red bars) . The promoter activity of E0-NheI DAflIII-AseI + E1-DBH 2 /DSB was about 41% of that evoked by the~2.2-kb 5 0 flanking region of the mouse glial fibrillary acidic protein (GFAP) promoter, which corresponds to the fragment in human GFAP gene widely used as a GFAP promoter in astrocytes, while it was only 15% of that of the mouse GFAP promoter in NIH3T3 cells (Fig. S2 ).
Discussion
In this study, we examined the mechanism responsible for the transcription of mRNA for the M23 isoform of AQP4 in astrocytes. As far as we have gone, we were unable to find any elements contributing to the transcription of the M23 mRNA in astrocytes and the putative M23 core promoter nonspecifically functioned in cells lacking AQP4 as well as astrocytes (Fig. 1) . These results are consistent with those involving the human AQP4 M23 promoter [22] . Therefore, we examined whether the ASE of the M1 promoter also acts on the M23 core promoter. In the process of the analysis, we found that the ASE of the M1 promoter not only works as an enhancer in astrocytes but also as a silencer in cells lacking AQP4, such as NIH3T3 cells (Figs 2 and 3) . Some of the transcription factors belonging to the POU transcription factor family, including POU2F1 and POU2F2 (also known as Oct1 and Oct2, respectively), have been shown to function both as activators and as repressors interacting with various coactivators and corepressors [23, 24] . In the case of POU2F2, an inhibitory domain produced as a result of tissue-specific alternative splicing is involved in its interaction with corepressor [25] . On the other hand, the POU4 subfamily (also known as Brn3), consisting of three structurally similar proteins encoded by distinct genes, acts as either an activator or a repressor: while Brn3a acts as an activator, Brn3b acts as a repressor [25] , like the Gli family of transcription factors in hedgehog signaling in vertebrates [26] [27] [28] [29] . However, in the case of the ASE of the M1 promoter, the lack of the octamer motif did not affect the silencer activity in NIH3T3 cells (Fig. 2) , indicating that binding of certain POU transcription factors is not the underlying mechanism of the silencing effect of the ASE in these cells.
We found that a fragment between the HindIII and BglII sites within the 3661-bp fragment (region 'a') blocked the enhancer activity of the ASE on the M23 core promoter used in this study (Fig. 2) . This inhibitory effect of region 'a' looks like enhancer-blocking insulation of an insulator element, which blocks the effect of an enhancer to avoid inappropriate communication between enhancer and promoters when it is positioned between them [30] [31] [32] . In vertebrates, CCCTC-binding factor (CTCF) binds to insulators [30] [31] [32] . Therefore, using CTCFBSDB 2.0 [33], we examined whether the sequence of region 'a' contains CTCF-binding sites. There were four potential CTCFbinding sites (Fig. S3, green arrows) . If this were the case, it would be unlikely that the ASE of M1 promoter also functions as a tissue-specific enhancer for the M23 promoter. Further analysis is required to conclude that the region 'a' indeed functions as enhancerblocking insulator in vivo.
By combining the M1 and M23 promoters of mAQP4, we obtained a promoter that had an activity approximately 41% of that evoked by a murine GFAP promoter in astrocytes. Importantly, the combined promoter showed less background activity in cells lacking AQP4 such as NIH3T3 cells as compared with that of the GFAP promoter (15%) (Fig. S2) . Thus, the promoter will be a useful tool for expressing a gene of interest specifically in astrocytes.
The formation of OAPs is a unique feature of AQP4. Roles of the formation of OAPs in physiological and pathological conditions are still unclear. However, a ratio between M1 and M23 defines the size of each array, which may be important to control water movement in each organ expressing AQP4. This means that identifying mechanisms that regulate expression levels of the M1 and M23 isoforms is essential to understand roles of the OAP formation of AQP4 depending on the physiological and pathophysiological circumstances. In this study, we were unable to find any enhancers specifically functioning in astrocytes in the putative M23 promoter region or evidence showing contribution of ASE of the M1 promoter to enhancing the M23 core promoter. Sepramaniam et al. has reported that microRNA130a works as a transcriptional repressor of the M1 transcript [34] . In addition, the M23 isoform is posttranscriptionally produced by a leaky scanning and an out-of-frame upstream ORF/reinitiating mechanisms [35, 36] , although the out-of-frame upstream ORF/reinitiating mechanism is not involved in the translation of the M23 isoform from M1 transcript in the mouse AQP4 gene [36] . Thus, not only communication between promoters and enhancers but also other mechanisms described above are intricately involved in regulation of the expression levels of the two main isoforms of AQP4. 
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